Abstract-In this study, a new adaptive sliding-mode observer is proposed to estimate the rotor position and speed for sensorless control of permanent-magnet synchronous motor (PMSM) in an electric vehicle drive system. This observer can effectively reduce the estimation errors caused by the inherent chattering phenomenon for a conventional sliding-mode observer and the stator resistance uncertainty due to the variation of motor temperature. This new sliding-mode observer is designed by using a hyperbolic tangent function instead of sign function together with a variable boundary layer, and the new adaptive law is constructed according to the back electromotive force model to reinforce dynamic performance and the robustness of system. Meanwhile, a stator resistance identification algorithm is raised and guaranteed to be stable by using a Lyapunov method. The performance of the developed observer is compared with the conventional sliding-mode controller. Both simulation and experimental results confirm that the chattering phenomenon is effectively eliminated and the estimation accuracy for position and velocity is apparently improved when applying the developed observer in the electric vehicle drive system.
INTRODUCTION
Electric vehicle (EV) has gained tremendous attention from the past decade as one of the promising greenhouse gasses (GHG) solution and the new direction of the car with energy development [1] [2] [3] . Motor drive systems are the core components of electric vehicles and the energy efficiency, high performance, and light weight design are becoming the primary research topics. PMSM has been the best-case scenario in electric vehicle drive system due to its simple structure, small volume, high power factor, small inertia and fast dynamic response [4] , [5] .
In rotor flux orientation control, how to obtain the rotor position and speed signals, which are traditionally measured by the mechanical and electrical sensors, is a key issue for high performance vector control. However, the installation and debugging of the position transducer will result in high cost and large size of drives and limit the application of PMSM in relatively harsh environment [6] . Therefore, sensorless control of PMSM has been a hot research topic of motor control technology with advantages of low cost and high reliability [7] , [8] .
Currently, the main methodologies applied to the identification of PMSM speed and estimation of rotor position are categorized into the following classes: basic electromagnetic relation based estimation method [9] , [10] , model reference adaptive system [11] [12] [13] [14] , high-frequency injection method [15] [16] [17] [18] [19] , and nonlinear control theory based method [20] [21] [22] [23] . The estimation method based on observer requires high accuracy of motor parameters, which are actually sensitive to measurement noise. Industrial application of high frequency signal injection method is difficult to be realized due to complexity of filter design and is limited by computing speed of controller.
Given the above-mentioned circumstances, the sliding-mode observer method is widely used in the speed sensorless control of PMSM system due to its simple structure, rapid response, and good performance of engineering appliance [24] , [25] .
In order to eliminate the chattering phenomenon in a conventional sliding-mode observer (SMO) with a sign function [26] , [27] , a low pass filter for high frequency signal filtering and an additional phase compensation of the rotor are introduced, which typically add undesirable level of cost and complexity to the system [28] . Another way to cope with this problem is to apply the approach called "higher order sliding mode" by acting on higher order time derivatives of the sliding manifold, instead of influencing the first time derivative, which improves the controller performance and attenuates the chattering effect to some extent [29] . Moreover, stator resistance INTERNATIONAL JOURNAL ON SMART SENSING AND INTELLIGENT SYSTEMS VOL. 9, NO. 1, MARCH 2016 379 value is required for a stator flux and electromotive force estimation. Its variations caused by changing temperature make operation difficult, mainly at low speed [30] . To overcome this problem, a reduced order extended Kalman filter (EKF) is proposed to update online the stator resistance [31] . A very simple identification algorithm using d-axis stator current error for identifying the stator resistance is also proposed in [32] . A new mode flux observer is presented in [33] with two distinct features: a sliding mode voltage mode flux observer and a fuzzy model reference learning controller. However in these works, all of the methods rely on stator current measurement and predominantly require information regarding stator voltages as well, and the authors also calculate the rotor flux vector angular position in an open loop using the slip estimate which is very sensitive to the parameter uncertainties.
Based on the above literature review, this paper proposes a new SMO for sensorless control of PMSM. In order to remove the chattering problem, the conventional SMO sign function is replaced by the hyperbolic tangent function with variable boundary layer thickness. A novel adaptive law for rotor position and speed estimation is designed by the observer convergence condition. Also, to reduce the influence of the velocity parameter identification precision caused by stator resistance variation, the stator resistance online identification algorithm is proposed based on the Lyapunov stability analysis. Both simulation and experimental results prove that the developed method shows more superior performance compared with the conventional SMO. This paper is organized as follows. Section 2 discuss about the conventional SMO design for PMSM. Section 3 contains the adaptive SMO presented for the rotor position estimation and stator resistance online identification. In Section 4, the simulation and experimental data from a test rig is used to validate the proposed algorithm, and finally the conclusion closes the paper in Section 5.
II.
SLIDING MODE OBSERVER FOR PMSM a. Modeling of the PMSM PMSM is a typical nonlinear, multi-variable coupled system, and it is also influenced by many nonlinear factors. For simplicity, we usually make the following assumptions:
1) The motor iron core saturation is ignored;
2) The motor of hysteresis losses and eddy-current losses are not considered;
3) The stator current is symmetrical three-phase sinusoidal wave current; The electrical and mechanical equations of the PMSM in the rotor reference (αβ) frame is expressed as follows
where iαβ, eαβ and vαβ represent the current, electromotive force (EMF), and voltage for each phase, R and L represent the stator resistance and inductance, respectively.
The EMF equations of the PMSM is expressed as follows According to the basic theory of sliding mode variable structure control and the mathematical model of PMSM, the structure of the stator current sliding-mode observer is expressed as follows
where ksw and sign(x) represent the sliding mode observer gain and the switching function, respectively.
The sliding surface can be defined as
where si   , si   . When the system reaches the sliding surface (
When satisfying the accessibility of the system gain condition, the system will enter the sliding mode in finite time. According to the theory of equivalent control, we have
Equation (4) shows that real voltage signals which are derived from the high frequency switch of the current error may comprise the electromotive force information and high-frequency noise part.
To this end, the first-order low-pass filter is adopted to filter the high frequency signal, but it also brings the corner phase deviation problem. So we need the phase compensation to be added in the conventional SMO. Fig.1 shows the block diagram of the conventional SMO.
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To further suppress the chattering, we will change the boundary layer thickness of the hyperbolic tangent functions such that they vary with the change of rotation speed considering the stator voltage at the high-speed region is substantial compared to that at the low-speed region. This requires the inverter output voltage at SVPWM modulation to be large, which means the space voltage vector actuation duration should be lengthened. So in order to compensate for the time, the width of the boundary layer thickness should be broadened. Therefore, we have the hyperbolic tangent functions, which are defined as
where χ is a positive constant used to adjust the slope of the hyperbolic tangent functions, k and ωref represent the new sliding mode observer gain and the reference rotational velocity.
The corresponding curve is presented in Fig.2 . It is shown that the gain k with the H function in the sliding mode switching surface can be adjusted easily by changing χ and ωref , thus the chattering is effectively weakened. The χ is adjusted to be the most appropriate value within the prescribed scope according to the demand change, which improves system robustness against dynamic uncertainties and attenuates disturbances on the system.
From the above equations, the EMF equations are expressed as follows 
In order to prove its stability, we construct the Lyapunov function as follows   
Then considering (16) , the derivative of (15) 
It can be seen from the above equation that the stability of the rotor position estimation is only affected by h, independent of motor parameters.
b. SMO Stability and Resistance Estimation
The estimated phase currents are derived by subtracting (1) from (8), which can be represented as
To verify the stability of the aforementioned SMO, the Lyapunov function is defined as   2 11 0 22
Differentiating (19) , combining (18), we have
From the Lyapunov stability theorem [8] , to satisfy the condition 0 V  , we have
From (21), the stator resistance online identification can be defined as
By combining (9) and (2) 
So we can see 0 V  , and the asymptotical stability of the SMO is proved. 
the adaptive law i  To verify the performance of the proposed sliding mode observer, the whole PMSM drive control system was simulated in the MATLAB/SIMULINK environment. The motor parameters are shown in Table I . The whole control system uses vector control strategy, where the speed control loop and the current control loop simply adopt PI controllers. To show the performance of the developed observer, three different observers, the traditional SMO with sign function, and the adaptive SMO with hyperbolic tangent function without resistance identification, and the proposed adaptive SMO, will be compared. The vector control block diagram of the PMSM based on the adaptive SMO for electric vehicle propulsion system is illustrated in Fig.4 . 
b. Experimental Results
With using the previously designed observer, the ground experiments are conducted on a platform based on PMSM in an electric vehicle traction system. The control system hardware uses high-speed DSP processor (TMS320F2812) and FPGA as the core devices and is based on Fig.9 . Fig.12 are waveforms of the current and rotor position identification corresponding to the motor torque of step change at 100 r/min and 1000 r/min respectively, As shown in these figures, the accuracy of the rotor position identification at high speed is still high and the position estimation is not affected in the step response. Experimental results show that the new adaptive SMO can effectively achieve the position estimation without a position sensor in the whole speed range. Chattering is greatly declined and the accuracy is improved to some extent compared with the conventional slide-mode observer. VI. AKNOWLEDGEMENT
